Organo-functionalized FDU-12 type silicas exhibiting large pore sizes and ordered mesoporous structures were synthesized at low reaction (15°C) and high hydrothermal (160°C) temperatures via the co-condensation of tetraethoxysilane (TEOS) with a suite of organosilanes, i.e., 3-aminopropyltriethoxysilane (APTES), 3-mercaptopropyltrimethoxysilane (MPTMS), vinyltrimethoxysilane (VTMS), and phenyltrimethoxysilane (PTMS), in the presence of structure directing micelles formed using the surfactant pluronic F127 and the pore enlarging reagent trimethylbenzene (TMB). Small-angle X-ray scattering (SAXS) and transmission electron microscopy (TEM) confirmed that all synthesized materials possessed a face-centered cubic mesostructure (space group Fm3 j m), while nitrogen sorption analyses showed that the synthesized materials had extra large pores with cavity sizes of up to 25.4 nm and entrance sizes of up to 10.8 nm. X-ray photoelectron spectroscopy (XPS) and 13 C solid-state magic-angle spinning nuclear magnetic resonance ( 13 C-MAS NMR) measurements verified the incorporation of the different organosilanes into the silica network and more importantly on the inner and outer surfaces of the materials. As-obtained mesoporous silicas were tested in protein immobilization studies using bovine serum albumin and the cellulose-hydrolyzing enzyme cellulase, which in itself is a mixture of three large enzymes. Enzyme immobilization efficiency, activity, and stability varied significantly with organic functionality due to size exclusion effects at pore entries, electrostatic and hydrophobic interactions between the organo-functionalized surfaces and the enzymes, and conformational changes of the enzymes which can occur on some of the material surfaces. As a result, phenyl (PTMS)-and thiol (MPTMS)-functionalized FDU-12 mesoporous silicas had a very low adsorption capacity of proteins because of their small pore sizes. Amino (APTES)-functionalized FDU-12 mesoporous silica showed the highest adsorption amount of proteins yet the lowest activity of immobilized cellulase. Cellulase immobilization on vinyl (VTMS)-functionalized FDU-12 mesoporous silica appeared to be the most promising approach, since it occurred with high efficiency, maintained enzyme activity, and provided temporal enzyme stability.
Introduction
Cellulose is one of the most abundant organic materials in the world, [1] [2] [3] and the use of waste cellulose as a raw material for the production of ethanol is a very promising approach to meeting current and future energy demands in a sustainable way. Ethanol production via the enzymatic route is a two-step process: Initially, a mixture of cellulose-hydrolyzing enzymes breaks down the cellulose chains into glucose, which is subsequently converted into ethanol. The mixture of enzymes capable of cellulose hydrolysis is referred to as cellulase and comprises three large molecules, i.e., cellobiohydrolase (CBH), endobeta-1,4-glucanase (EG), and beta-glucosidase (or cellobiase), 2 which work synergistically during cellulose hydrolysis. The largest challenges in optimizing cellulosic ethanol production and hence increasing the feasibility of a large-scale industrial application are enzyme stability and reusability, as well as the high cost associated with the initial purification of the enzyme mix from natural sources. 4 One approach to increase the performance of the enzymatic process is to immobilize the enzymes in/on solid supports which renders them reusable and hence reduces the enzyme-related operating costs. 5 The past decade saw a large variety of mesoporous silicas being tested for their enzyme immobilization efficiency, [6] [7] [8] [9] [10] [11] [12] since they displayed many characteristics that may be beneficial for such a purpose, i.e., high surface area, narrow pore size distribution, tunable pore size, and high chemical and mechanical stability. [13] [14] [15] [16] However, due to size exclusion effects occurring at the pore entries, most of these studies were limited to small proteins and enzymes. Recently, Takimoto et al. studied the immobilization of cellulase on mesoporous SBA-15 materials. 17 They found that pore size and pH value played important roles in enzyme loading, and that enzyme activity was largely dependent on pore size. Larger pores allowed for more ready diffusion of the substrate to the active sites of the enzymes and also maintained a higher enzyme mobility/flexibility within the cavities, hence resulting in higher enzyme activity.
A different mesoporous silica, FDU-12, which exhibits a cubic pore structure (cavity and pore entrance size: 12.3 and 8.9 nm, respectively), was reportedly used for the successful immobilization of lysozyme (hydrodynamic radius: 3.2 nm). 18 Recently, an extra-large pore ordered mesoporous silica FDU-12 with pore size up to 27 nm has been successfully synthesized. 19 Its large pore size and three-dimensional pore connectivity present the material as a superior choice over MCM-41 and SBA-15 for the immobilization of large enzymes, especially with respect to mass transfer and pore blocking. 20 However, previous reports showed that surface functionalization of the silica support materials is necessary prior to enzyme immobilization such that the interaction between the silica surface and enzyme is maximized, and a beneficial microenvironment for optimum catalytic activity of the enzyme is created. 8, 10 Generally, functionalized mesoporous silicas show higher protein/enzyme adsorption amount than nonfunctionalized ones, 7, 21 and in some cases, enzyme immobilization in/on functionalized mesoporous silicas results in higher enzyme activity compared to the free enzyme. 9 Organic functionalization of mesoporous silica materials can be achieved using either of the following two approaches: postsynthesis grafting or co-condensation.
22-24 A detailed physicochemical study of organo-functionalized large pore FDU-12 silicas obtained via the latter method is urgently needed because the preparation conditions for large pore FDU-12 materials differ significantly from those of other mesoporous silicas (with pore sizes <10 nm); i.e., they need lower synthesis temperatures to expand pores in the presence of salt and pore extension agents, 25 and it is difficult to extrapolate on their protein/enzyme immobilization behavior from studies performed on other mesoporous silicas.
In this paper, we present the synthesis of organo-functionalized large pore FDU-12 silicas via the co-condensation of tetraethoxysilane (TEOS) and various organosilica precursors, i.e., 3-aminopropyltriethoxysilane (APTES), 3-mercaptopropyltrimethoxysilane (MPTMS), vinyltrimethoxysilane (VTMS), and phenyltrimethozysilane (PTMS). Among others, pore structure, pore size, total surface area, zeta potential, and elemental composition of the resulting materials as well as protein/enzyme immobilization on these materials are discussed. The effects of organo-functionalization and the resulting structural changes on cellulase immobilization efficiency, activity, and stability are detailed and explained.
Experimental Section
2.1. Chemicals. Triblock poly(ethylene oxide)-bpoly(propylene oxide)-b-poly(ethylene oxide) copolymer (EO 106 PO 70 EO 106 , pluronic F127, M n ) 13400), tetraethoxysilane (TEOS, 99%), 1,3,5-trimethylbenzene (TMB), APTES (99%), MPTMS (95%), VTMS (98%), PTMS (98%), bovine serum albumin (BSA, 98%), carboxymethyl cellulose (CMC), and Trichoderma reesei cellulase solution were purchased from Sigma-Aldrich Pty. Ltd., Australia. 3,5-Dinitrosalicylic acid (DNS, 98%) and sodium metabisulfite (98%) were obtained from Fluka Chemika, while sodium hydroxide (97%), hydrochloric acid (32%), and potassium chloride (99.8%) were acquired from Ajax Finechem. All chemicals were used as received without further purification.
Synthesis of Nonfunctionalized and
Organo-Functionalized Large Pore FDU-12 Materials. In a typical synthesis, 1 g of pluronic F127 and 5 g of KCl were dissolved in 60 mL of 2 M HCl at 15°C (synthesis temperature) and stirred for 15 min, before 1.2 g of TMB was added and stirring was continued for a further 6 h at this temperature. Then, 4.16 g of TEOS was added and stirring continued for 24 h at 15°C. The final molar ratio of reactants was 1 TEOS:0.0037 F127: 0.5 TMB:3.36 KCl:6 HCl:155 H 2 O. All of the solution along with the precipitate was then removed to an autoclave and heated at 160°C (hydrothermal temperature) for 72 h for hydrothermal treatment. The product was filtered, dried in air at room temperature, and then washed three times at 60°C for 6 h each using a mixture of ethanol and hydrochloric acid (HCl) (250 and 2 mL, respectively) to remove the surfactant and the pore enlarging reagent. Pure mesoporous FDU-12 silica (denoted as PS) was synthesized using TEOS only, while the various organofunctionalized FDU-12 silicas were prepared using a mixture of TEOS and one of the following organosilanes: APTES, MPTMS, VTMS, or PTMS (molar ratio TEOS:organosilane ) 15:1). Obtained organo-functionalized FDU-12 silicas were denoted as S-APTES (amine functionalization), S-MPTMS (thiol functionalization), S-VTMS (vinyl functionalization), and S-PTMS (phenyl functionalization), respectively.
For some studies, materials without open pore structures (i.e., only exhibiting external surfaces) were required. They were obtained in a similar fashion to the open pore structured materials; however, the postsynthesis washing/surfactant extraction process was less rigorous such that the surfactant pluronic F127 (and possibly the pore enlarging reagent TMB) remained within the pores of the mesoporous materials, and thus the pores were inaccessible/unavailable for protein/enzyme immobilization. The quick postsynthesis rinse of as-obtained materials only removed acid and salt residues from the external surface.
2.3. Characterization. Small-angle X-ray scattering (SAXS) was performed using an Anton-Parr SAXSess small-angle X-ray scattering system (Cu K R radiation, 40 kV, 35 mA). Transmission electron microscopy (TEM) images were collected on a JEOL 1010 electron microscope at an electron beam acceleration voltage of 100 kV. Nitrogen sorption isotherms of the samples were obtained using a Quantachrome Quadrasorb SI analyzer at 77 K. Samples were degassed overnight at 120°C in a vacuum prior to all N 2 -sorption measurements. The surface area was calculated according to the Brunauer-Emmett-Teller (BET) model using data in the relative pressure range p/p 0 ) 0.05-0.25. The total pore volume was calculated from the N 2 amount adsorbed at maximum p/p 0 () 0.99). The pore size distribution was calculated according to the Broekhoff-de Boer (BdB) method using a spherical model; 26 i.e., cavity and entrance pore sizes were determined from the adsorption and desorption branches, respectively. X-ray photoelectron spectra (XPS) were recorded on a Kratos Axis Ultra instrument using a monochromatic Al KR X-ray source. Survey spectra in the range 0-1200 eV were recorded using a dwell time of 100 ms, pass energy of 160 eV, steps size of 1 eV, and one sweep only. Higher resolution scans (280-292 eV) were conducted with lower pass energy (20 eV), higher sweep, and longer dwell time (250 ms). The elemental compositions of nonfunctionalized and organofunctionalized FDU-12 samples were determined from the XPS spectra. The C1s peak with a binding energy of 285 eV was used as the reference peak.
13 C solid state cross-polarization magic-angle spinning nuclear magnetic resonance ( 13 C-CP-MAS NMR) measurements were performed on a Bruker MSL-300 spectrometer operating at a frequency of 75.482 MHz for 13 C. The spectrometer was equipped with a 4 mm double air bearing, magic-angle spinning probe suitable for MAS experiments. The proton 90°pulse time was 5.5 µs, the acquisition time was 45 ms, the cross-polarization time was 2 ms, and the relaxation delay was 3 s. The spectrum width was 50 kHz, and 4000 data points were collected over 2000 scans. All spectra were referenced to the resonance of adamantane (δ ) 38.23 ppm), and samples were equilibrated to room temperature (22°C) prior to all measurements. Zeta potential measurements were con-ducted at the indicated pH values (4.7-4.8) using a Malvern Zetasizer NanoZS instrument, while ultraviolet-visible (UV-vis) absorbance spectroscopy was performed using a JASCO-V550 instrument.
2.4. Bovine Serum Albumin (BSA) Adsorption. Nonfunctionalized and organo-functionalized FDU-12 materials were first degassed overnight at 120°C, and BSA was dissolved in 0.01 M acetate buffer (pH 4.7) to prepare BSA stock solutions with various concentrations ranging from 0.1 to 20 mg · mL -1 . As much as 0.05 g of mesoporous silica was then mixed with 5 mL of each BSA solution, and the resulting suspensions were incubated in a water shaker for 24 h at room temperature (20°C ) and 200 rpm shaking speed. Suspensions were separated by centrifugation at 4750 rpm and 20°C for 20 min. Pre-and postincubation BSA concentrations were determined using the characteristic UV-vis absorbance of BSA at 280 nm and the linear part of a C BSA -A 280 nm -standard curve collected prior to the adsorption experiments. The difference in the BSA amount in solution before and after adsorption was deemed equal to the amount of BSA adsorbed on the material. BSA adsorption isotherms were constructed via combinatorial analysis of BSA solution equilibrium concentration and BSA loading of the materials (mg of BSA/g of sample), and the data points were fitted using a Langmuir equation.
2.5. Cellulase Immobilization, Activity, and Stability. Commercially available Trichoderma reesei cellulase solution was used as the enzyme source and various dilutions of the enzyme mix were prepared using citrate buffer (pH 4.8). Prior to immobilization of the enzyme on the various FDU-12 silica samples, all samples were degassed at 120°C overnight. 100-200 mg of each sample was then incubated at 4°C for 24 h with 20 mL each of the various enzyme solutions after which the samples were centrifuged and filtered. Pre-and postincubation enzyme concentrations (C 0 and C t , respectively) were determined using a Bradford protein assay with BSA as the protein standard. 27 Lastly, the enzyme loading (mg of cellulose/g of sample) was calculated from the difference in preand postincubation enzyme concentration and plotted vs the cellulose equilibrium concentration to give the adsorption isotherm. The data points were fitted using a Langmuir equation.
Cellulase activity was determined using the carboxymethyl cellulose (CMC) assay, 28 which utilized a water-soluble derivative of cellulose (i.e., CMC) rather than the water-insoluble nonderivatized cellulose. This approach was used in order to minimize any obstacles to the accurate determination of enzyme concentration which may arise from heterogeneous substrates and in order to increase the substrate's diffusion into the pores and hence the contact between enzyme and substrate. CMC is readily hydrolyzed by the cellulase enzyme mix, thereby giving rise to glucose, which is a reducing agent and is readily detected using the 3,5-dinitrosalicylic acid (DNS) method. 29 Briefly, a DNS reagent mix was prepared by mixing 10.6 g of DNS, 19.8 g of sodium hydroxide (NaOH), 30.6 g of potassium sodium tartrate, 7.6 mL of phenol, 8.3 g of sodium metabisulfite, and 1416 mL of distilled H 2 O. Then, 0.5 mL of aqueous CMC solution (1 wt %) was mixed with 0.5 mL of cellulase-containing solution (free enzyme, 100× dilution of commercial enzyme solution in citrate buffer; immobilized enzyme, 100 mg of nonfunctionalized or organo-functionalized FDU-12 sample after the enzyme immobilization step in 5 mL of citrate buffer) and the hydrolysis reaction was allowed to proceed for 60 min. Subsequently, 3 mL of DNS reagent mix was added and the mixture was boiled for 5 min upon which a red-brown color of varying intensity developed (λ max ) 540 nm). This change in color was attributed to the reduction-oxidation reaction of the DNS substrate with the glucose that was formed during the hydrolysis step, whereby the aldehyde group of the glucose was oxidized to a carbonyl group while DNS was reduced to chromophoric 3-amino-5-nitrosalicylic acid. The concentration of glucose present (which was proportional to the activity of the cellulase) was directly proportional to the intensity of the UV-vis absorbance band at 540 nm. Blank experiments verified that nonfunctionalized and organo-functionalized FDU-12 silicas without immobilized enzymes did not produce glucose and that no DNS reduction was observed. Thus, it can be concluded that the enzyme activity that is observed solely originates from the immobilized cellulase enzyme mix.
The stability of immobilized enzymes was tested by storing the enzyme-loaded samples of nonfunctionalized and organofunctionalized FDU-12 silicas for 14 days in citrate buffer at 4°C
. Samples with different cellulase loadings were chosen for the stability test. These samples were centrifuged to separately analyze the supernatant for any enzyme activity (which would indicate that the enzymes were released from the material) and the actual enzyme-loaded materials to determine whether enzyme activity deteriorated over this period of time. Enzyme concentrations were determined as described above.
Results and Discussion
3.1. Organo-Functionalized Mesoporous Silica with Large Pore. Nonfunctionalized and organo-functionalized mesoporous silica materials were prepared and characterized as described in the Experimental Section. Each organosilane affects the formation of the mesoporous silica matrix and its mesostructure differently. Figure 1 compares the SAXS spectra of the nonfunctionalized FDU-12 silica and the four organo-functionalized mesoporous silicas. The spectra of the organo-functionalized mesoporous silicas are very similar to that of the nonfunctional FDU-12 silica; i.e., they exhibit four main peaks, which can be indexed to the 111, 220, 311, and 331 crystal lattices. These peaks reflect an ordered, face-centered cubic (fcc) structure (space group Fm3 j m). 19 However, the incorporation of the different organosilanes causes those peaks to shift to higher q-values in all spectra, which indicates a reduction in cavity size for all organo-functionalized materials, but in some materials, it also causes a decrease in peak intensity, which indicates less ordered mesostructures. From the SAXS results, it can be concluded that (a) co-condensation of the organosilanes and TEOS still results in a FDU-12 type mesostructure and (b) PTMS, MPTMS, and VTMS functionalization all lead to smaller cavity sizes but only cause insignificant disruptions of the ordered mesoporous structure, while APTES functionalization results in a less ordered mesostructure and only slightly decreased cavity sizes.
The amine groups of APTES are readily protonated in acid conditions, 30, 31 and this protonation leads to disordered mesostructure in the synthesis of amine-functionalized SBA-15. 30 Actually, the formation mechanism of large pore FDU-12 materials at low pH is similar to that of SBA-15; i.e., it follows a (S ). Thereby, the protonated amine (-NH 2 H + ) has a tendency to preferentially form (-NH 2 H + ) (X -SiOH 2 + ) complexes, which leads to less interaction between surfactant micelles and silicate, 30 and hence less ordered mesostructures.
The nitrogen sorption isotherms of organo-functionalized FDU-12 samples, displayed in Figure 2 , invariably show type IV isotherms with type H2 hysteresis loops which is typical for mesoporous materials with a cage-like structure. 34 The relatively sharp increase of the adsorption isotherms at the higher end of the p/p 0 range indicates the occurrence of capillary condensation, hence confirming the uniform large pore structure of the samples. Cavity and entrance pore size distributions (Figure 2 insets) further confirm the presence of large pores in all materials. Structural parameters obtained from the adsorption isotherms are summarized in Table 1 . Organo-functionalization of FDU-12 unequivocally results in reduced pore sizes compared to the nonfunctionalized material, with S-PTMS and S-MPTMS materials displaying the smallest cavity sizes of all organofunctionalized materials. S-APTES material exhibits the largest pore of the organo-functionalized materials with a cavity size of up to 25.4 nm and a pore entrance size of up to 10.8 nm.
The decrease in the pore sizes of organo-functionalized mesoporous materials can be attributed to the strong hydrophobic interactions between organosilanes and the TMB, which is situated in the micelle core and usually causes micelle swelling (ergo larger pores in the final material). These interactions can lead to the extraction of a fraction of the TMB from the micelles, and thus less swelled micelles, which results in relatively smaller pore sizes and cell parameters. The addition of phenyl or thiol groups (PTMS and MPTMS functionalization) leads to materials with smaller cavity sizes compared to materials containing amino or vinyl groups (APTES and VTMS functionalization). This is due to the stronger hydrophobicity of phenyl and thiol moieties which can extract more fraction of TMB out of the micelles, thus contributing to larger pore size reductions. As discussed previously, the amino organoalkoxysilane precursor produces S-APTES material with a larger pore size due to the protonation effect of the amine group in acidic solution. This effect enhances the complexation of -NH 2 H + and -SiOH 2 + but weakens the interaction between the amino precursor and TMB, which results in a smaller amount of TMB being extracted from the micelles, and hence larger pore sizes compared to the other organo-functionalized FDU-12 silicas (S-VTMS, S-MPTMS, and S-PTMS). Figure 3 displays the TEM images of organo-functionalized FDU-12 samples observed from two different directions (parallel and perpendicular to the pores). These images verify the presence of large pores and a relatively ordered mesostructure for the functionalized materials. Therefore, the TEM results are in agreement with the results of the N 2 sorption measurements and the SAXS analyses; i.e., organo-functionalization of FDU-12 silica maintains a fairly ordered fcc mesostructure.
XPS spectra can be used to determine the atomic configuration on sample surfaces. 35 Figure 4 shows the XPS survey spectra of nonfunctionalized and organo-functionalized FDU-12 materials that were used to determine the chemical structure and the elemental compositions (Table 1 ). In general, the spectra of organo-functionalized silica samples show relatively strong C1s and Si2s peaks which indicate the presence of organosilanes. The incorporation of APTES in the silica matrix results in a high intensity N1s peak in the S-APTES spectrum attributable to incorporated NH 2 groups, while functionalization with SH groups via incorporation of MPTMS into the matrix results in S2s and S2p peaks in the S-MPTMS spectrum. The C1s peak observed in the FDU-12 pure silica spectrum can most probably be attributed to residual surfactant. Figure 5 displays the solid state 13 C-CP-MAS NMR spectra of the various organo-functionalized FDU-12 samples. The three peaks in Figure 5A at the chemical shifts 8.4, 25.2, and 40.7 ppm can be attributed to the carbon atoms C 1 , C 2 , and C 3 , respectively, of the aminopropyl group that is incorporated into the silica framework (Si-O-Si-C 1 -C 2 -C 3 -NH 2 ) by cocondensation of APTES and TEOS. [36] [37] [38] Peaks that resonate at around 64.1-78.0 ppm may be attributed to some surfactant remaining within the S-APTES sample. Other peaks, i.e., peaks at 15.6 and 57.3 ppm, can be assigned to carbon atoms of incompletely hydrolyzed ethoxy groups or ethanol residues from the extraction process. Similarly to the S-APTES spectrum, the spectrum of S-MPTMS ( Figure 5C ) shows signals attributable to the mercaptopropyl group carbon atoms (11.2 ppm (C 1 ), 25.5 ppm (C 2 ), and 22.1 ppm (C 3 )) 36 and signals attributable to unhydrolyzed ethoxy groups or residual ethanol (18.0 and 57.6 ppm). 36, 38 The vinyl moiety results in the observation of two resonance peaks (128 and 138 ppm) in the spectrum of the sample S-VTMS ( Figure 5B) . 23 Likewise, the phenyl moiety of S-PTMS can be verified by the occurrence of two peaks (at 127 and 133.5 ppm) in its spectrum ( Figure 5D ). 36 Both S-VTMS and S-PTMS contain some ethanol residues and also show signs of incomplete ethoxy group hydrolysis (15.6 and 56.8 ppm). Residual surfactant (69.2 ppm) is also observed in both samples. 
BSA Adsorption.
Cellulase is quite a complex enzyme mixture. It consists of three different enzymes, i.e., CBH, EG, and cellobiase, all of which are of a different size. In order to achieve high enzyme activity of cellulase-loaded materials, the supporting materials must be able to immobilize all three of these enzymes and possibly all three of them to a similar extent. Prior to studying immobilization of this complex cellulase mixture on the FDU-12 materials, we studied the adsorption of BSA. BSA was chosen because of its comparatively large dimensions (40 × 40 × 140 Å 3 ), its high molecular weight (69 kDa), 39 and its isoelectric point (around pH 4.7-4.9) which is similar to that of the three cellulase enzymes. [39] [40] [41] [42] [43] As is evident from both the data listed in Table 1 and the adsorption isotherms displayed in Figure 6 , S-APTES and S-VTMS materials exhibit the highest and second highest BSA adsorption capacity of all nonfunctionalized and organofunctionalized FDU-12 materials, respectively. This shows that pore size and surface characteristics significantly influence the ability of BSA to enter the pores and the interaction of BSA molecules with the material surfaces. At its isoelectric point pH 4.7 (which was used to determine the adsorption isotherms), i.e., when intramolecular electrostatic repulsion is at its minimum, BSA is negatively charged (-7.39 mV, determined by zeta potential measurement). This means that electrostatic attraction occurs between BSA and the S-APTES, which is positively charged at pH 4.7 (Table 1) , while electrostatic repulsion exists between BSA and the other nonfunctionalized and organo-functionalized FDU-12 silicas due to them carrying a negative charge at this pH (Table 1) . Thus, S-APTES can adsorb comparatively more BSA than the other FDU-12 materials, including the nonfunctionalized material. The small cavity and pore entry sizes of S-MPTMS and S-PTMS have a detrimental effect on the materials' capacity to adsorb BSA, leading to very small BSA adsorption amounts being observed. In contrast, the high BSA adsorption capacity of S-VTMS can probably be attributed to its large pore entrance and cavity sizes (relative to S-MPTMS and S-PTMS). However, when comparing nonfunctionalized and VTMS-functionalized FDU-12 materials, it has to be noted that the latter exhibits a similar pore entry size but a lower cavity size while still adsorbing higher amounts of BSA. The reason for this phenomenon is probably the hydrophobic interaction between certain (hydrophobic) protein domains and (hydrophobic) vinyl moieties. 21, 36 On the basis of these BSA immobilization results, APTESand VTMS-functionalized and nonfunctionalized FDU-12 materials were chosen as supporting materials for the cellulase immobilization experiments. They exhibited the highest BSA adsorption capacities due to large pore entrance and cavity sizes and strong intermolecular interactions with the protein.
3.3. Cellulase Immobilization. Cellulase immobilization experiments were performed at pH 4.8, which is close to cellulase's isoelectric point of 4.75 and is also the optimum pH range for the free enzyme to reach its maximum activity.
28 Table  2 and Figure 7 summarize the results of the cellulase immobilization experiments. As evident from the graphs and the values listed, S-APTES and S-VTMS exhibited similar cellulase adsorption capacities, which additionally were also larger than the adsorption capacity of nonfunctionalized FDU-12. Zeta potential measurements showed that cellulase was negatively charged at pH 4.8 (-6.02 mV). At the same pH, both VTMSfunctionalized and nonfunctionalized FDU-12 also possessed a negative charge (Table 2) ; thus, the larger cellulase adsorption amount of S-VTMS compared to pure FDU-12 can, similarly to the adsorption of BSA, be ascribed to hydrophobic interactions between the vinyl groups and the enzyme. It is noteworthy that contrary to the BSA adsorption experiments the opposite charge of S-APTES and cellulase did not result in a significantly higher cellulase adsorption for this material when compared to S-VTMS. To explain this phenomenon, one needs to keep in mind that cellulase comprises three large enzymes (CBH, EG, and cellobiase), 2 ranging in size from 24 to 74 Å (when spherical) or from 13 × 79 Å 2 to 42 × 252 Å 2 (when ellipsoidal), 44 and each one of these three enzymes most definitely has its own isoelectric point. The detailed studies of these proteins revealed that EG and CBH can even be classified into several different families (e.g., EG I, EG V, CBH I, etc.) each of which has a unique 3D structure and a specific isoelectric point. 43 Thus, some of these enzymes may be positively charged at pH 4.8, while the majority of enzymes are negatively charged, as is evident in the mixture's negative zeta potential at this pH. This would mean that adsorption onto either positively or negatively charged carriers could be energetically favorable, and thus S-APTES (positive charge) and S-VTMS (negative charge) can both exhibit high cellulase adsorption capacities, as observed in our study.
Further cellulase adsorption studies were performed in order to elucidate the amount of cellulase that is adsorbed onto the external surface of the materials vs the amount adsorbed within the mesoporous structure of the materials. For this purpose, samples with blocked pore structures were synthesized as described in section 2.2. Cellulase adsorption experiments performed using these materials indicated that approximately 50% of the total cellulase amount immobilized by any material was adsorbed onto external surfaces (Table 2) .
3.4. Activity of Immobilized Cellulase. The activity of free and immobilized cellulase (in nonfunctionalized and organofunctionalized FDU-12 materials) was tested using a CMC assay, as described in section 2.5. Table 3 summarizes the results of this study, in which nonfunctionalized and APTES-and VTMS-functionalized FDU-12 materials with different initial cellulose loadings were tested.
The functionalization of mesoporous FDU-12 silica not only affected the material's adsorption capacity but also played an important role in determining the activity of immobilized enzymes. The functional groups on the modified surfaces created a specific microenvironment, which can attract enzymes and/ or direct enzyme attachment onto the solid support. 36 In our research, S-APTES showed the lowest immobilized enzyme activity, although it had the highest cellulase adsorption capacity. On the contrary, nonfunctionalized and VTMS-functionalized FDU-12 silicas were able to maintain a reasonably high cellulase activity upon enzyme immobilization. It was shown previously that high enzyme loadings did not always correlate with high enzyme activities. 21 Surface functionalization of the carrier can cause a shift in the optimum pH value of enzyme activity at which maximum enzyme activity can be achieved. It has been reported that the optimum pH for cellulase can shift to lower pH values when the enzyme is immobilized on positively charged carriers. 45 Therefore, the low enzyme activity observed for cellulase that was immobilized on S-APTES might have been caused by a shift in the optimum pH value. Thus, the effect of pH on the activity of cellulase immobilized on the material was studied. The results of this study are illustrated in Figure 8 . It was found that cellulase immobilized on S-APTES showed the highest activity at pH 4.6, which was slightly lower than the optimum pH for the free enzyme (pH 4.8). However, even at this optimum pH of 4.6, the activity of cellulase immobilized on S-APTES was still lower than that observed for nonfunctionalized or VTMS-functionalized FDU-12. There must thus be a different reason for the low activity observed.
The active sites of cellulase (exoglucanase/CBH and endoglucanase/EG) responsible for cellulose hydrolysis consist of many aspartic and glutamate acid residues.
2 Both of these residues contain carboxylic acid functional groups, which can form amide bonds (sC(dO)sNHs) with any primary amine (such as those on APTES-functionalized silica surfaces), thus strongly impairing enzyme activity. 27, 46 XPS analysis was used to determine the presence of the amide bonds. Figure 9 shows the C1s region of the high resolution XPS spectra of S-APTES samples with and without immobilized cellulase. For both samples, the C1s peak can be dissociated into five individual peaks (indexed C1, C2, C3, C4, and C5), 46 which exemplify the five different binding states of the carbon atoms involved. The area under each peak can be expressed as a function of total peak area (%), which is equivalent to the contribution of each of these peaks to the total peak ( Table 4 ). The visual observation that the proportion of C3 and C5 increases upon cellulase immobilization ( Figure 9B ) is verified by an increase in the calculated peak area for these two peaks. This increase in C3 and C5 signal area is due to the formation of sC(dO)sNHs bonds, 46 and indicates that a reaction occurs between the protonated amines of the solid support and the carboxylic acids on some of the enzyme's amino acid residues. This reaction definitely impedes on at least some of the active sites of the cellulase enzymes and thus results in a low enzyme activity being observed for cellulase immobilized on APTESfunctionalized FDU-12 silica.
VTMS-functionalized FDU-12 silica behaved somewhat differently from the APTES-functionalized sample; i.e., it exhibited high enzyme loading capacity and activity. As discussed previously, the hydrophobic interaction between the cellulase and the S-VTMS support is the main reason for the high loading amount of cellulase, as the protein has a high affinity to hydrophobic surfaces. 21, 36 Further, the hydrophobicity of S-VTMS gives rise to a benign microenvironment for cellulase, beneficial to maintaining enzyme conformation and flexible mobility of the active sites. 21 Nonfunctionalized FDU-12 also maintains high cellulase activity, which means the low degree of hydrogen bonding that occurs between support and cellulase has no detrimental effect on the mobility of the enzyme's active sites.
3.5. Stability of Immobilized Cellulase. Immobilized enzyme stability is comprised of two factors: operational stability and storage stability. Operational stability refers to the extent to which immobilized enzymes maintain their catalytic activity, while storage stability is a term used to describe how well immobilized enzymes are protected from enzyme leakage. 47 Both types of stability were elucidated over a 14-day period, as shown in Table 5 .
In general, materials with higher enzyme loadings showed a greater tendency for enzyme leakage than those with initially lower loadings. The gradient between enzyme concentrations in the solid support and the surrounding solution induces very loosely bound enzymes to move to the solution, and the larger the gradient the more material is transferred. The silanol groups on the surface of nonfunctionalized FDU-12 silica only weakly interact with the enzymes via a few hydrogen bonds. This could be the reason why significant enzyme leakage (7%) is observed for these materials. APTES-and VTMS-functionalized materials showed almost no enzyme leakage, with the small amount observed probably being due to the loss of initially aggregated enzymes from the external surface, 48 which did not bind to/ interact with the organic moiety as the majority of the (nonag- Table 4 ). gregated) enzymes. Expectedly, the leakage of immobilized cellulase from the materials affected their specific enzyme activity (Table 5 ). The operational stability of immobilized cellulase varied depending on the support it was immobilized on. Cellulase immobilized on nonfunctionalized FDU-12 retained 65-70% of its initial activity (or 70-75% after adjusting for leakage), while cellulase immobilized on S-VTMS and S-APTES retained 71-90% (or 72-91% after adjusting for leakage) and 78-100% (or 81-100% after adjusting for leakage), respectively, of its initial activity. Higher leaching of cellulase from nonfunctionalized FDU-12 materials obviously causes higher losses in activity compared to APTES-and VTMS-functionalized materials, but even after adjusting for enzyme leakage, the enzyme activity is still lower when cellulase is immobilized in the nonfunctionalized materials. Thus, the organo-functionalizaton increases not only cellulase retention but also cellulase stability.
Conclusions
Ordered, organo-functionalized FDU-12 mesoporous silicas with large cavity and pore entrance sizes were synthesized in a co-condensation approach using mixtures of TEOS (15 equiv) and different organosilanes (1 equiv) carrying amine, vinyl, thiol, or phenyl functionalities. Functionalization using this approach did not interrupt the ordered mesostructure, and the face-centered cubic porous structure was obtained in all syntheses. Pore entry size and cavity size influenced the adsorption of enzymes/ proteins on these materials, and so did the different surface characteristics introduced by the organosilanes. Electrostatic interactions between amino-functionalized surfaces and proteins/ enzymes played a key role in the high BSA and cellulase adsorption efficiencies observed for APTES-functionalized FDU-12, while the good adsorption capacity of VTMSfunctionalized material can be attributed to hydrophobic interaction between BSA/cellulase and the vinyl-functionalized surface of the material.
The activity of cellulase that was immobilized on APTESfunctionalized FDU-12 was weaker than that for cellulases immobilized on other supports due to changes in the enzyme's 3D conformation (caused by the formation of amide bonds between enzyme and solid support) which led to a loss of active sites and thus lower activity of the immobilized cellulase. The vinyl moiety in VTMS-functionalized materials exhibited a strong affinity for the cellulase and created a benign microenvironment for optimum enzyme activity, characterized by the ability to maintain a stable enzyme conformation and to maintain the mobility of the active sites.
In conclusion, surface functionalization of mesoporous silicas in combination with large pore sizes can result in an increase of enzyme immobilization efficiency, activity, and stability. This principle is promising for application in bioadsorption, biomolecule separation, enzyme catalysis, and drug and gene delivery.
